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are thought to participate in the integration of autonomic responses to physiological
challenges. However, it remains to be shown whether NTS glial cells might influence
breathing and cardiovascular control, and also if they could be integral to the autonomic
and respiratory responses to hypoxic challenges. Here, we investigated whether NTS glia
play a tonic role in the modulation of central respiratory and sympathetic activities as well
as in the changes in respiratory–sympathetic coupling induced by exposure to chronic
intermittent hypoxia (CIH), a model of central autonomic and respiratory plasticity. We
show that bilateral microinjections of fluorocitrate (FCt), a glial cell inhibitor, into the
caudal and intermediate subnuclei of the NTS did not alter baseline respiratory and
sympathetic parameters in in situ preparations of juvenile rats. Similar results were
observed in rats previously exposed to CIH. Likewise, CIH-induced changes in
respiratory–sympathetic coupling were unaffected by FCt-mediated inhibition. However,
microinjection of FCt into the ventral medulla produced changes in respiratory frequency.
Our results show that acute glial inhibition in the NTS does not affect baseline respiratory
and sympathetic control. Additionally, we conclude that NTS glial cells may not be
necessary for the continuous manifestation of sympathetic and respiratory adaptations
to CIH. Our work provides evidence that neuron–glia interactions in the NTS do not
participate in baseline respiratory and sympathetic control.
& 2012 Elsevier B.V. Open access under the Elsevier OA license.03
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The nucleus tractus solitarius (NTS), located in the dorsal
medulla, is crucial for central respiratory and autonomic
regulation. The first neuronal synaptic contacts of nearly all
visceral sensory input, including the afferent pathways of all
cardio-respiratory reflexes, are located in the NTS (Andresen
and Kunze, 1994; Hayashi et al., 1996). In addition, NTS
circuitry plays a role in controlling baseline sympathetic
activity and contains neurons that are part of the dorsal
respiratory column, thus contributing to regulate eupneic
breathing (Abdala et al., 2009; Andresen and Kunze, 1994;
Costa Silva et al., 2010; Subramanian et al., 2007). Normal
neuronal function in the NTS has already been shown to be
essential for the generation of an eupneic respiratory pattern,
as inhibition of ionotropic glutamatergic neurotransmission
in this region induces marked changes in respiratory activity
(Costa Silva et al., 2010). Over the last decade, great advances
have occurred in relation to the role of different neurotrans-
mission systems and neuronal subtypes in the NTS on the
regulation of breathing and autonomic activity (Accorsi-
Mendonca et al., 2011; Braccialli et al., 2008; Costa Silva
et al., 2010). However, the underlying mechanisms of neuro-
plastic phenomena and neurotransmission regulation in this
nucleus remain illdefined (Accorsi-Mendonca et al., 2009;
Braga et al., 2007, 2008).
It is known that exposure to chronic intermittent hypoxia
(CIH), an intense long-term physiological challenge, that can
be observed in pathological conditions such as obstructive
sleep apnea, can trigger neuroplastic adaptations in the NTS
(Costa-Silva et al., 2012; de Paula et al., 2007; Kline et al., 2007;
Kline, 2010) and change the pattern of respiratory and
sympathetic outflow (Zoccal et al., 2008, 2009b; Zoccal andFig. 1 – Effects of CIH on respiratory–sympathetic coupling. Pa
exhibiting a normal pattern of respiratory–sympathetic couplin
exposed to 10 days of CIH, showing an increased level of SNA a
the
R
SNA recordings showed in A and B, demonstrating the inc
of SNA for each respiratory phase in normoxic control and CIH
between the indicated groups (two-way ANOVA; po0.05). ScaleMachado, 2011). CIH in rats affects glutamatergic neurotrans-
mission (Costa-Silva et al., 2012; Kline et al., 2007), causing
significant increases in the expression of NMDAR1 and GluR2/3
receptor subunits and producing changes in glutamatergic
modulation of respiratory and sympathetic activity (Costa-
Silva et al., 2012).
CIH also changes the central mechanisms controlling the
generation and integration of respiratory and sympathetic
activities, leading to baseline active expiration, sympathetic
overactivity and hypertension (Zoccal et al., 2009a, 2009b;
Zoccal and Machado, 2011). Rats exposed to CIH show an
increase in sympathetic activity associated specifically with
the late expiratory phase (Zoccal et al., 2009a, 2009b; Zoccal
and Machado, 2011). Although the physiological conse-
quences of these respiratory and cardiovascular adaptations
have been relatively well described, their cellular origins
remain to be determined (Costa-Silva et al., 2012; Zoccal
et al., 2009b).
Over the past two decades, glial cells, particularly astro-
cytes, have been ‘‘rediscovered’’ as crucial active modulators
of neural activity (Hamilton and Attwell, 2010; Haydon and
Carmignoto, 2006; Machado et al., 2010; Panatier et al., 2011).
Astrocytes have been shown to release several signaling
molecules, dubbed ‘‘gliotransmitters’’, such as ATP, glutamate
and D-serine (Halassa et al., 2009; Haydon and Carmignoto,
2006). These cells participate in synaptic regulation and
neuronal network regulation in several regions of the brain,
including the hippocampus (Fellin et al., 2006; Haydon and
Carmignoto, 2006; Panatier et al., 2011; Pascual et al., 2005),
hypothalamus (Gordon et al., 2009; Oliet et al., 2006; Panatier
and Oliet, 2006), ventral medulla (Erlichman et al., 1998;
Erlichman et al., 2008; Gourine et al., 2010; Huxtable et al.,
2010) and to a lesser extent the NTS (Hermann and Rogers,
2009; Hermann et al., 2009; McDougal et al., 2011; Tashiro andnel A: representative recording of a normoxic control rat,
g. Panel B: representative recording of a rat previously
ssociated with the E-2 respiratory phase. Panel C: overlay of
rease in SNA during E-2 (black arrow). Panel D: mean values
rats. Asterisks indicate a statistically significant difference
bars correspond to 500 ms.
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purines (such as ATP and adenosine), which are potent
neuromodulators (Huxtable et al., 2010; Kulik et al., 2010;
Martin et al., 2007).
In the NTS, synapses have in average more than 50% of their
perimeter covered by astrocyte processes (Chounlamountry and
Kessler, 2011), and glial coverage is thought to play an important
role in regulating synaptic development in this region (Tashiro
and Kawai, 2007). NTS astrocytes cells can also mediate the
gastrointestinal responses to several physiological challenges,
such as trauma and inflammation (Hermann and Rogers, 2009;
Hermann et al., 2009), and respond directly to stimuli from the
tractus solitarius (McDougal et al., 2011), leading some authors to
propose that these cells play a major role in homeostatic
integration and control (Hermann et al., 2009; Lamy, 2012;
Machado et al., 2010).
We hypothesized that neuron–glia interactions in the NTS
might also be important for the control of breathing, sympa-
thetic activity and adaptations to CIH. Here we used
stereotaxically-guided microinjections of fluorocitrate (FCt),Table 1. Baseline values of respiratory and sympathetic activi
FR (Hz) SN
CIH–FCt (n¼9) 0.3470.03 17.
CIH–SAL (n¼9) 0.3470.04 18.
Control–FCt (n¼7) 0.3470.06 16.
Control–SAL (n¼8) 0.2770.03 16.
Obs: there was no significant difference between any of the groups (two
Fig. 2 – Histological confirmation of microinjection sites into the
a histological section of the cNTS obtained from an animal use
determined by the impressions left by the injection pipettes in th
histological section of the iNTS obtained from an animal used i
as determined by the tracks left by the injection pipettes in the b
of all positive microinjection sites into the cNTS. Panel D: schema
sites into the iNTS. Panels C and D were adapted from the stereoa selective glial cell inhibitor (Fonnum et al., 1997; Paulsen
et al., 1987), to evaluate how the reduction of glial activity in
the NTS could affect respiratory and sympathetic regulation
in control and CIH-treated rats. All experiments were per-
formed in the working heart–brainstem preparation (WHBP)
of the rat, an in situ model for the study of brainstem neural
circuitry involved in respiratory and autonomic regulation
(Paton, 1996; Zoccal et al., 2008).2. Results
Rats were either exposed to CIH or kept in normoxia (Control).
In accordance to previous studies of our laboratory (Zoccal
et al., 2008), we found that CIH exposure significantly increased
SNA during the late-expiratory (E-2) phase (CIH: 51.2673.91%
vs. Control: 35.2373.32%; po0.05; Fig. 1, Panels B–D), but not
during the inspiratory (I) and early-inspiratory (E-1) phases
(Fig. 1, Panel D). In addition, CIH did not affect respiratoryties of control and CIH rats.
A (%) TI (s) TE (s)
9872.37 0.8370.11 2.5470.21
4572.69 0.8070.10 2.4670.27
2572.78 0.7970.06 2.5870.40
1472.22 1.0470.11 2.9170.39
-way ANOVA; p40.05).
cNTS and iNTS. Panel A: representative photomicrograph of
d in this study. Arrows indicate the microinjection sites, as
e brain tissue. Panel B: representative photomicrograph of a
n this study. White arrows indicate the microinjection sites,
rain tissue. Panel C: schematic representations of the center
tic representations of the center of all positive microinjection
taxic map of Paxinos and Watson (2007).
b r a i n r e s e a r c h 1 4 9 6 ( 2 0 1 3 ) 3 6 – 4 8 39frequency (FR), inspiration time (TI) and expiration time (TE)
(Table 1).
In the WHBP, we performed bilateral microinjections of
fluorocitrate (FCt; 1 nmol/20 nL), a specific glial cell metabolic
inhibitor (Fonnum et al., 1997; Paulsen et al., 1987), or saline
(vehicle; 20 nL) into the intermediate (iNTS) and caudal
(cNTS) aspects of the NTS, regions that are described to
contain neurons that are crucial for the control of respiratory
and sympathetic activities (Costa Silva et al., 2010). Only rats
in which all four microinjections were confirmed to be
located bilaterally in the iNTS and cNTS were included in
the analyses (Fig. 2). Representative recordings of PNA and
SNA in our WHBP can be found in Fig. 3.Fig. 3 – Representative recordings of PNA and SNA in all experim
their integrated signals, in a rat belonging to the CIH–FCt group
the cNTS and iNTS. Panel B: recording of PNA and SNA, as well a
group, both before and 10 min after the microinjection of saline
as well as their integrated signals, in a rat belonging to the Con
injection of FCt into the cNTS and iNTS. Panel D: recording of P
belonging to the Control–SAL group, both before and 10 min aftContrary to our expectations, we observed that in relation
to the vehicle and normoxic controls microinjections of FCt
in these NTS subnuclei did not affect FR (e.g. DFR 10 min after
microinjections; CIH–FCt: 13.9975.64% vs. CIH–SAL:
12.0777.87% vs. Control–FCt: 12.1073.65% vs. Control–SAL:
16.1774.06%; p40.05; Fig. 4, Panel A), TI (e.g. DTI 10 min after
microinjections: CIH–FCt: 8.2274.17 vs. CIH–SAL: 11.0976.78 vs.
Control–FCt:10.6575.32 vs. Control–SAL:5.6574.60%; p40.05;
Fig. 4, Panel C) or TE (e.g. DTE 10 min after microinjections:
CIH–FCt: 22.1674.94% vs. CIH–SAL: 24.2376.53% vs. CTRL–
FCt: 16.3273.63 vs. Control–SAL: 12.7076.89%; p40.05; Fig. 4,
Panel D). Microinjection of FCt in CIH rats also did not change
SNA in relation to the control groups (e.g. DSNA 10 min afterental groups. Panel A: recording of PNA and SNA, as well as
, both before and 10 min after the microinjection of FCt into
s their integrated signals, in a rat belonging to the CIH–SAL
into the cNTS and iNTS. Panel C: recording of PNA and SNA,
trol-FCt group, both before and 10 min after the micro-
NA and SNA, as well as their integrated signals, in a rat
er the microinjection of saline into the cNTS and iNTS.
Fig. 4 – Microinjections of FCt into the cNTS and control rats do not affect respiratory and sympathetic parameters. Panel A:
mean variation of FR after the execution of microinjections into the cNTS and iNTS for each experimental group. Panel B:
mean variation of SNA after the microinjections into the cNTS and iNTS for each experimental group. Panel C: mean
variation of TI after the microinjections into the cNTS and iNTS for each experimental group. Panel D: mean variation of TE
after the microinjections into the cNTS and iNTS for each experimental group. Note that there were no significant variations
between the groups for any of the analyzed variables (two-way ANOVA; p40.05).
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8.54% vs. Control–FCt: 0.6377.59% vs. Control–SAL: 0.727
5.69%; p40.05, Fig. 4, Panel B). These results show that acute
glial inhibition in the caudal and intermediate NTS does not
affect baseline respiratory and sympathetic regulation in control
and CIH rats (Figs. 3 and 4).
In addition, we found that FCt microinjections into the cNTS
and iNTS did not change the pattern of respiratory–sympathetic
coupling in rats exposed to CIH (Fig. 5, Panel A, and 6, Panel A),
i.e., acute glial inhibition did not change the SNA associated with
the E-2 respiratory phase in the CIH–FCt group (e.g. 10 min after
FCt microinjections: 54.4276.18%; p40.05). The values of SNA
associated with E-1 and I were also unaffected (Fig. 6, Panel A).
Likewise, respiratory–sympathetic coupling was unaltered when
we executed microinjections in the CIH–SAL, Control–FCt and
Control–SAL groups (Fig. 5, Panels B–D, and 6, Panels B–D). These
results show that glial activity in the NTS is probably not
involved in the regulation of respiratory–sympathetic coupling,
nor is it necessary for the continuous manifestation of the
sympathetic adaptations to CIH.
In order to certify the efficacy of FCt it was also micro-
injected into the ventral medullary surface, a brainstem
region where glial cells are known to have a crucial function
in regulating respiratory function. Previous studies in in situ
preparations have already shown that metabolic inhibition of
glial cells in the ventral medulla can directly affect the
generation of respiratory rhythm (Hulsmann et al., 2000),
delay excitation propagation (Hulsmann et al., 2003) and
abolish the respiratory responses to ATP (Huxtable et al.,
2010) within this region. The chosen sites for microinjections
of FCt where the caudal aspect of the rostral ventrolateralmedulla (RVLM), which intersects with the Pre-Bo¨tzinger
(RVLM/Pre-Bo¨tC) (Fig. 7, Panels A and C), and the rostral
aspect of the RVLM, which intersects with the Bo¨tC (RVLM/
Bo¨tC) (Fig. 7, Panels B and D). All microinjections were
performed bilaterally in accordance with methods described
in previous studies from our laboratory (Moraes et al., 2012).
FCt microinjections into the ventral medulla induced a
marked increase in FR (e.g. DFR 60 min after microinjections;
FCt: 331.10744.43% vs. SAL: 197.50737.30%; po0.05; Fig. 8,
Panels A and C) that correlated with a decrease in TE (e.g. DTE
60 min after microinjections; FCt: 31.2776.28% vs. SAL:
51.95712.53%; po0.05; Fig. 8, Panels A–D). While vehicle
microinjections also affected these variables, the effects of
FCt were significantly greater than those observed in the SAL
group (Fig. 8, Panels B–D). We observed no significant differ-
ence between the FCt and the SAL groups in relation to TI (e.g.
DTI 60 min after microinjections; FCt: 60.8578.30% vs. SAL:
79.8576.98%; p40.05) and mean SNA (e.g. DSNA 60 min after
microinjections; FCt: 69.6476.55% vs. SAL: 56.00710.95%;
p40.05). These results document that FCt microinjections in
certain specific brainstem areas in the WHBP produces sig-
nificant physiological effects in a 60 min time frame, con-
firming that the lack of effect observed in the NTS
experiments were due to the characteristics of glial function
within that nucleus.3. Discussion
We show here that acute FCt-mediated glial inhibition in the
cNTS and iNTS does not affect baseline respiratory and
Fig. 5 – Representative waveform averages of raw PNA and
R
SNA in control and CIH rats after microinjections. Note that the
R
SNA signal pattern is not affected by the treatment. Panel A: representative waveform averages of an animal belonging to
the CIH–FCt group, before and 10 min after the microinjection of FCt into the cNTS and iNTS. Panel B: representative
waveform averages of an animal belonging to the CIH–SAL group, before and 10 min after the microinjection of saline into
the cNTS and iNTS. Panel C: representative waveform averages of an animal belonging to the Control–FCt group, before and
10 min after the microinjection of FCt into the cNTS and iNTS. Panel D: representative waveform averages of an animal
belonging to the Control–SAL group, before and 10 min after the microinjection of saline into the cNTS and iNTS. Scale bars
correspond to 500 ms.
b r a i n r e s e a r c h 1 4 9 6 ( 2 0 1 3 ) 3 6 – 4 8 41sympathetic activity of in situ rat preparations. Our results
suggest that normal glial function in the NTS is not neces-
sary, in the short term, for the regulatory effects of NTS
circuitry on respiratory and sympathetic outflow. In control
rats, the pattern of respiratory–sympathetic coupling is that
of low SNA associated with expiration (E-1 and E-2) with
an ramp increase in SNA during the inspiratory phase
(Zoccal et al., 2009b). Exposure to CIH shifts the pattern of
respiratory–sympathetic coupling, increasing the relative
amount of sympathetic activity associated with E-2 (Zoccal
et al., 2008, 2009b). Our results show that acute inhibition of
glial function in the NTS does not affect CIH-induced changesin respiratory–sympathetic coupling. We do not, however,
rule out the possibility that glial inhibition might change
synaptic activity or local neuronal excitability in this nucleus.
If these factors are indeed affected, this apparently does not
result in significant changes in respiratory and sympathetic
outflow.
The FCt approach used in this study is an established
method for studying brain activity in the absence of glial
activity and is widely used by researchers in the field of
neuron–glia interactions (Fonnum et al., 1997; Gordon et al.,
2009; Hamilton and Attwell, 2010; Mirsattari et al., 2008;
Paulsen et al., 1987; Willoughby et al., 2003). In addition, the
Fig. 6 – Microinjections of FCt or SAL into the cNTS and iNTS
do not affect respiratory-sympathetic coupling in control and
CIH rats after microinjections. Panel A: mean values of SNA
associated with each respiratory phase for the CIH–FCt group.
Panel B: mean values of SNA associated with each respiratory
phase for the CIH–SAL group. Panel C: mean values of SNA
associated with each respiratory phase for the Control–FCt
group. Panel D: mean values of SNA associated with each
respiratory phase for the Control–SAL group. No significant
variations in phase-coupled SNA were observed following any
of the experimental treatments (two-way ANOVA; p40.05).
b r a i n r e s e a r c h 1 4 9 6 ( 2 0 1 3 ) 3 6 – 4 842dosage used in this study has been previously shown to
produce significant functional effects in cortical glial activity
in vivo in a time frame of tens of minutes (Mirsattari et al.,
2008; Willoughby et al., 2003). Furthermore, as reported in
Section 4 of the present study, microinjections of FCt in the
ventral medulla (Fig. 7) produced a marked and prolonged
increase in FR accompanied by a reduction in TE within a 1 h
time frame (Fig. 8, panels A–D). Both effects were significantly
greater than those observed in the control group (saline), thus
confirming that FCt microinjections into brainstem regions
other than the NTS can produce measurable physiological
effects under our experimental paradigm. All these corrobor-
ating factors support the concept that the absence of an
observable effect of FCt microinjections in the cNTS and iNTS
is due to the intrinsic characteristics of glial function in this
important integrative nucleus in the brainstem.
Most studies on neuron–glia interactions, and in particular
those on the role of these cells in baseline respiratory control,
have been restricted to in vitro experimental models, such as
brain slices and cell cultures (Hulsmann et al., 2000; Huxtable
et al., 2010). In the WHBP, the three-phase respiratory oscil-
lator system which characterizes eupnea is kept intact, i.e.
several regulatory regions work in series and in parallel in
order to produce rhythmic modulatory input to ventral
respiratory and sympathetic activity generation centers and
produce coordinated respiratory and autonomic drives
(Abdala et al., 2009). It is possible that, in this integrative
model, modest alterations in NTS modulatory input, such as
those probably caused by glial inhibition, might be compen-
sated or ‘‘buffered’’ by modulatory inputs from different
brainstem nuclei or by intrinsic properties of the respiratory
and sympathetic activity generating centers (Abdala et al.,
2009). A similar effect has been observed in the subthalamic
nucleus, where Gradinaru et al. (2009) have shown that
optogenetic stimulation of astrocytes can successfully inhibit
local circuitry but, however, this astrocyte-dependent inhibi-
tion does not affect overall behavior.
Previous studies have suggested that NTS glial cells act as
receptors for circulating agonist molecules, such as thrombin
and tumor necrosis factor, and that neuron–glia interactions
may regulate the intensity of vago-vagal reflexes (Hermann
and Rogers, 2009; Hermann et al., 2009; McDougal et al., 2011).
Our results do not contradict this finding; they suggest
that, while NTS glia may indeed be important transducers
of certain physiological signals, they do not appear to exert
a tonic modulatory role on respiratory and sympathetic
outflow.
Recent findings from our laboratory have shown that CIH
induces significant changes in glutamatergic neurotransmis-
sion in the NTS, including a increase in glutamate receptor
subunit expression and a apparent paradoxical reduction in
the functional effects of glutamate microinjections into the
cNTS (Costa-Silva et al., 2012). These opposing changes in
neuronal function can be explained in the context of multiple
homeostatic plasticity mechanisms, in which an increase in
glutamate receptor expression of NTS neurons would
increase the excitation of post-inspiratory neurons of the
Bo¨tzinger complex (Costa-Silva et al., 2012); this might be
counteracting the effects of increased inhibitory inputs to
these neurons by Bo¨tzinger complex augmenting-expiratory
Fig. 7 – Histological confirmation of microinjection sites into the RVLM/PreBo¨tC and RVLM/Bo¨tC. Panel A: representative
photomicrograph of a histological section of the RVLM/PreBo¨tC obtained from an animal representative of the group used in
this experimental protocol. Arrows indicate the microinjection sites, as determined by the tracks left by the microinjection
pipettes in the brain tissue. Panel B: representative photomicrograph of a histological section of the RVLM/Bo¨tC obtained
from an animal representative of the group used in this experimental protocol. Arrows indicate the microinjection sites, as
determined by the tracks left by the microinjection pipettes in the brain tissue. Panel C: schematic representations of the
center of all positive microinjection sites in the RVLM/PreBo¨tC (Panel C) and RVLM/Bo¨tC (Panel D). Panels c and d were adap-
ted from the atlas of Paxinos and Watson (2007).
b r a i n r e s e a r c h 1 4 9 6 ( 2 0 1 3 ) 3 6 – 4 8 43neurons, which is one of the proposed effects of CIH in
ventral medullary circuits (Zoccal et al., 2008, 2009b; Zoccal
and Machado, 2010).
Given that gliotransmission has been implicated in the
homeostatic reorganization of neuronal networks (Fellin
et al., 2006; Gordon et al., 2009; Pascual et al., 2005), it is
plausible that astrocytes might contribute to CIH-induced
plasticity in the NTS, perhaps through spontaneous or tractus
solitarius stimulation-dependent release of ATP, a known
modulator of glutamatergic transmission in this nucleus
(Accorsi-Mendonca et al., 2009; Antunes et al., 2005; Braga
et al., 2007, 2008; McDougal et al., 2011). NTS glial cells could
also be directly affected by CIH exposure, as it is known that
hypoxia directly elicits the release of ATP and adenosine from
astrocytes (Kulik et al., 2010; Martin et al., 2007).
Our findings suggest that, if this hypothesis is true and
astrocytes do indeed play a role in controlling neurotransmis-
sion in the NTS or the adaptive events related to CIH
exposure, then these effects are not tonic, i.e. they do not
depend on continuous glial activity. This differs from the
conclusions of recent findings by Panatier et al. (2011), which
suggest that astrocytes are continuously regulating synaptic
function and neuronal activity in CNS synapses. However, it
is still possible that astrocytes might play major roles in the
long-term regulation of NTS neuronal activity, as even spora-
dic and acute glial activation can produce structural and
functional changes in central synapses (Gordon et al., 2009).
Additional investigations will be needed to elucidate the role
of NTS astrocytes in long-term homeostatic control.
While we have here contributed to the current understand-
ing of neuron–glia interactions in the NTS by ruling out therole of NTS glial cells in acute baseline respiratory and
sympathetic control, further studies are required for a com-
plete evaluation of how these cells might affect neurotrans-
mission in brainstem pathways that regulate cardio-
respiratory function. Currently, the capability of investigators
to evaluate neuron–glia interactions is heavily restricted by
methodological constraints, especially in more integrative
experimental models (Fonnum et al., 1997; Hamilton and
Attwell, 2010; Haydon and Carmignoto, 2006). In face of our
results, new investigations on the role of NTS glia in cardio-
respiratory regulation should focus on chronic neuroplastic
events, as these seem most likely to be affected by
neuron–glia interactions.4. Experimental procedures
4.1. Animals and care
In this study we used juvenile Wistar rats (19–21 days old)
obtained from the Main Animal Care Facility of the University
of S ~ao Paulo at Ribeir ~ao Preto, Brazil. All experimental
procedures were approved by the Ethical Committee on
Animal Experimentation of the School of Medicine of Ribeir ~ao
Preto, University of S ~ao Paulo (protocol 070/2010).
Animals used to study the effects of Fluorocitrate micro-
injected into the NTS were divided in two main groups, those
exposed to CIH (n¼18) and a control group maintained under
normoxic conditions (n¼15). Both groups were housed in
Plexiglas chambers (volume: 210 L) equipped with gas injec-
tors and sensors for O2, CO2, humidity and temperature.
Fig. 8 – FCt microinjections into the RVLM/PreBo¨tC and RVLM/Bo¨tC induce an increase in FR and a reduction in TE. Panel A:
recording of PNA and SNA, as well as their integrated signals, in a rat that received bilateral FCt microinjections into the
RVLM/PreBo¨tC and RVLM/Bo¨tC, before and 60 min after the microinjections. Note the significant changes in FR and TE
produced by the microinjections. Panel B: recording of PNA and SNA, as well as their integrated signals, in a rat that received
bilateral SAL microinjections into the RVLM/PreBo¨tC and RVLM/Bo¨tC, before and 60 min after the microinjections. Panel C:
mean variation of FR after microinjections into the RVLM/PreBo¨tC and RVLM/Bo¨tC. Panel D: mean variation of TE after the
microinjections into the RVLM/PreBo¨tC and RVLM/Bo¨tC. Asterisks () indicate a significant difference between the FCt and
SAL groups (two-way ANOVA; po0.05).
b r a i n r e s e a r c h 1 4 9 6 ( 2 0 1 3 ) 3 6 – 4 844Naı¨ve rats used in the experiments involving microinjections
of Fluorocitrate into the ventral medulla (n¼11) were not
housed in the Plexiglas chambers.
4.2. Chronic intermittent hypoxia (CIH) protocol
The CIH protocol used in this study has been described
elsewhere (Zoccal et al., 2008, 2011). In brief, the CIH group
was exposed intermittently to 5 min of normoxia (with an
inspired oxygen fraction of 20.8%) followed by a reduction of
FiO2 to 6%. This was accomplished by gradually injecting pure
N2 into the chambers for 4 min and stabilizing the inspired
oxygen fraction at 6% during the last 40 s. After this period,
pure O2 was injected into the chamber to return the FiO2 backto 20.8%. This 9 min cycle was repeated 8 h a day (from 9:30
AM to 5:30 PM) for 10 days. During the remaining 16 h, the
rats were kept in normoxia. The injections of N2 and O2
(White Martins, Sert ~aozinho, Brazil) into the chamber were
regulated with a solenoid valve system controlled by specia-
lized software (Oxycycler; Biospherix, Lacona, USA). In an
identical chamber, in the same room, the control group was
housed 24 h a day under a FiO2 of 20.8% a day for 10 days.
4.3. Working heart–brainstem preparation (WHBP)
Further descriptions of the WHBP method and associated
stereotaxically-guided microinjections into the NTS can be
found elsewhere (Antunes et al., 2005; Costa Silva et al., 2010;
b r a i n r e s e a r c h 1 4 9 6 ( 2 0 1 3 ) 3 6 – 4 8 45Moraes et al., 2012; Paton, 1996; Zoccal et al., 2008).
In this study, juvenile rats exposed where deeply anesthe-
tized with halothane (AstraZeneca, Cotia, Brazil) until they no
longer responded to noxious stimuli. Afterwards, they were
hemisected caudal to the diaphragm, eviscerated, exsangui-
nated and submerged in ice-cold artificial cerebral–spinal
fluid (ACSF). The rats were decerebrated at the level of the
superior coliculi and their skin was thoroughly removed. The
lungs were removed and the descending aorta was isolated
and cannulated with a double lumen catheter. Animals were
then perfused with ACSF (composed of, in mm: NaCl, 125;
NaHCO3, 24; KCl, 5; CaCl2, 2.5; MgSO4, 1.25; KH2PO4, 1.25;
dextrose, 10) containing 1.25% Ficoll (an oncotic agent; Sigma,
St Louis, USA) and a neuromuscular blocker (vecuronium
bromide, 3–4 mg/ml, Crista´lia, S ~ao Paulo, Brazil), using a roller
pump (Watson-Marlow 502s, Falmouth, UK). The perfusion
pressure was kept stable within the 50–75 mmHg range by
adjusting the perfusion flow ( between 21 and 25 ml/min) and
by adding vasopressin (600–1200 pm, Sigma, St Louis, USA) to
the perfusate (Zoccal et al., 2008). The ACSF was continuously
gassed with a carbogenic mixture (5% CO2 and 95% O2; White
Martins, Sert ~aozinho, Brazil), heated to 31–32 1C and filtered
with a nylon mesh (pore size: 25 mm, Millipore, Billirica, USA).
4.4. Fluorocitrate (FCt) dilution
FCt solutions were prepared according to a protocol based on
the study of Paulsen et al. (1987). In brief, 2 mg of barium
fluorocitrate were dissolved in 10 mL of HCl 1 M until it formed
a homogeneous solution and a drop of Na2SO4 0.1 mM was
added in order to precipitate Baþ ions. Next, 20 ml of Na2HPO4
0.1 mM was added and the solution was centrifuged at 3000G
for 10 min. We then isolated the supernatant and diluted it in
saline solution (NaCl, 0.9%) to the final concentration of
50 mM. The pH of the final FCt solution was adjusted to 7.4
with sodium bicarbonate (Reagen, Rio de Janeiro, Brazil).
4.5. Microinjections into the nucleus tractus solitari (NTS)
and ventral medulla
Briefly, FCt and saline solutions were microinjected into
brainstem nuclei with glass micropipettes using a pressur-
ized air pump (Picospritzer II, Parker Hannifin Corporation,
Fairfield, EUA). Air pulses were calibrated in order to eject
approximately 20 nL for each microinjection. Based on the
study by Nicholson (1985), we calculate that a microinjection
of this volume can cause drug dispersal in approximately
250–300 mm of brain tissue in all directions.
Microinjection sites in the dorsal medullary surface were
determined with the aid of a stereotaxic map of the rat brain
(Paxinos and Watson, 2007) and the calamus scriptorium (CS)
was used as a landmark. Microinjections in the cNTS were
performed with the micropipette being driven into the
medulla 0.3 mm caudal and 0.2 mm lateral to the CS and
0.3 mm ventral to the dorsal medullary surface. Microinjec-
tions in the iNTS were performed with the micropipette being
driven into the medulla 0.3 mm rostral and 0.3 mm lateral to
the CS and 0.3 mm ventral to the dorsal medullary surface.
For microinjections into the ventral medulla, the rootlets of
the hypoglossal nerves, the trapezoid body and the midlinewere used as landmarks. Microinjections into the RVLM/Pre-
Bo¨tC were performed with the micropipette into the ventral
medullary surface 1.2 mm caudal to the trapezoid body,
1.5 mm lateral from the midline (aligned with the rootlets
of the hypoglossal nerves) and 0.35 mm ventral to the
brainstem surface. Microinjections into the RVLM/Bo¨tC were
performed with the micropipette being driven into the
ventral medullary surface 0.8 mm caudal to the trapezoid
body, 1.5 mm lateral from the midline (aligned with the
rootlets of the hypoglossal nerves) and 0.35 mm ventral to
the brainstem surface.
After each experiment, the brains were removed, fixed in
10% formalin for 1 week and serial coronal sections of the
brainstem (40 mm) were cut and stained with the Neutral Red
method in order to verify the micropipette trace and identify
the center of microinjections. In accordance to the stereo-
taxic map (Paxinos and Watson, 2007) and previous studies
from our laboratory (Costa-Silva et al., 2012; Costa Silva et al.,
2010), identification of NTS subnuclei was performed based
on their anatomical position in relation to the area postrema,
gracile nucleus, central canal and the dorsal motor nucleus of
vagus. Identification of microinjection sites in the RVLM/Pre-
Bo¨tC and RVLM/Bo¨tC was based on the position of these
regions in relation to the nucleus ambiguus, inferior olive, the
hypoglossal motor nucleus and the facial nucleus, also in
accordance with the atlas by Paxinos and Watson (2007) and
previous studies from our laboratory (Moraes et al., 2011,
2012).
4.6. Nerve recordings and analyses of respiratory and
sympathetic variables
Detailed descriptions on how to perform electrophysiological
recordings from nerves in the WHBP can be found in previous
publications from our laboratory (Braga et al., 2007; Costa
Silva et al., 2010). In brief, nerve recordings were obtained
using bipolar glass suction electrodes held in a micromani-
pulator (Narishige, Tokyo, Japan) and signals were AC ampli-
fied, bandpass filtered (8–3000 Hz) and recorded on a
computer using the software Spike 2 (Cambridge Electronic
Design, Cambridge, UK). Signal channels were also dupli-
cated, rectified and integrated (100 ms time constant) for
analytical purposes.
Phrenic nerve activity (PNA) was recorded at its most distal
end and its rhythmic, ramping behavior served as a contin-
uous physiological index of preparation viability. The phrenic
nerve controls diaphragmatic movements during eupnoea,
therefore PNA bursts represent periods of inspiration. The
frequency of these bursts was used to determine respiratory
frequency (FR), the duration of each PNA burst represented
inspiration time (TI) and the interval between two consecu-
tive bursts gives us the expiration time (TE).
Sympathetic nerve activity (SNA) was recorded from the
thoracic sympathetic chain at the level of vertebrae T5–T10.
The mean amplitude of the integrated SNA signal was used to
calculate baseline sympathetic activity. In order to remove
the effects of variability in the signal to noise ratio, baseline
SNA was calculated as a percentage of the maximum sympa-
thetic discharge (100%) and the underlying noise level (0%).
Maximum sympathetic discharge was measured as the peak
b r a i n r e s e a r c h 1 4 9 6 ( 2 0 1 3 ) 3 6 – 4 846of the sympatho-excitatory response to ischemia, obtained
after each experiment by turning off the artificial perfusion.
Noise level was obtained by continuously recording the SNA
15–20 min after the cessation of arterial perfusion at the end
of each experiment, i.e., until the death of the preparation;
when no more SNA bursts were visible, the amplitude of the
recorded signal was considered as the underlying noise level
and was subtracted from the living SNA signal during
analysis.
To analyze the pattern of SNA during the respiratory cycle
in the respiratory–sympathetic coupling analysis, we consid-
ered the SNA peak observed during inspiration/early-expira-
tion to be 100% (theoretical maximum), while the noise level,
obtained after the experiments, was considered as the 0%
(theoretical minimum). Therefore, reported values of SNA for
each respiratory phase are defined as percentage values
between these two limits.
4.7. Experimental protocols and data analysis
A total of four experimental protocols were performed in this
study: (1) microinjections of FCt into the iNTS and cNTS of
CIH rats (CIH–FCt; n¼9); (2) microinjections of saline into the
iNTS and cNTS of CIH rats (CIH–SAL; n¼9); (3) microinjections
of FCt into the iNTS and cNTS of control rats (Control–FCt;
n¼7); (4) microinjections of saline into the iNTS and cNTS of
control rats (Control–SAL; n¼8).
The effects of acute NTS glial cell inhibition on respiratory
and sympathetic activities were determined by the measure-
ment of the following parameters: (a) respiratory parameters
FR, TI and TE; (b) mean SNA; (c) respiratory–sympathetic
coupling. With respect to the latter, phrenic-triggered wave-
form averages of SNA (10 sweeps) were divided into three
parts according to the respiratory cycle: inspiration (I, coin-
cident with phrenic burst), phase 1 of expiration or early
expiration (E-1, first half of expiration) and phase 2 of
expiration (E2, second half of expiration).The mean SNA
associated with I, E-1 and E-2 was quantified as the average
values obtained during each period and expressed as percen-
tage in relation to the SNA peak during I. All the analyses
were performed on integrated signals (time constant: 50 ms)
and all studied variables were measured and averaged for
1 min time epochs at various periods before and after NTS
microinjections (Costa Silva et al., 2010).
The values reported herein are expressed as mean7standard
error of mean unless stated differently. Shapiro-Wilk normality
tests were executed for all data sets to confirm that they
followed a Gaussian distribution. Statistical comparisons were
executed using two-way ANOVA with within groups repea-
ted measures followed by post hoc Bonferonni tests for all
data sets. Values were considered statistically significant when
po0.05.Submission declaration
The results presented in this study have not been published
anywhere else, except in the form of abstracts and meeting
presentations. The authors attest that this manuscript is not
under consideration for publication elsewhere, that itspublication is explicitly approved by all authors and respon-
sible authorities of the School of Medicine of Ribeir ~ao Preto,
University of S ~ao Paulo. If accepted, these results will not be
published elsewhere without the written consent of the
copyright-holder.Author’s contributions
KMC and BHM designed the research. KMC and DJAM per-
formed experiments and analyzed the data. KMC and BHM
wrote the manuscript.Acknowledgments
The authors thank Dr. Norberto P. Lopes for important
technical support in evaluating the efficiency of the FCt
dilution protocol. We thank Dr. Daniel B. Zoccal and Dr. Jo ~ao
H. Costa Silva for invaluable technical assistance with the
WHBP. We also thank Dr. Daniel B. Zoccal and Dr. Carlos
E. Almado for their critical comments and suggestions on
data analysis. This study was supported by the Research
Support Foundation of S ~ao Paulo (FAPESP; grant number 2009/
50113-0) and the National Council for Scientific and Techno-
logical Development (CNPQ; 472704/04-4). KMC received a
graduate student fellowship from CAPES and his current
address is International Max Planck Research School for
Neural Circuits, Max Planck Institute for Brain Research,
Frankfurt am Main, Germany.
r e f e r e n c e s
Abdala, A.P.L., Rybak, I.A., Smith, J.C., Zoccal, D.B., Machado, B.H.,
St-John, W.M., Paton, J.F.R., 2009. Multiple pontomedullary
mechanisms of respiratory rhythmogenesis. Respir. Physiol.
Neurobiol. 168 (1–2), 19–25.
Accorsi-Mendonca, D., Bonagamba, L.G., Leao, R.M., Machado, B.H.,
2009. Are L-glutamate and ATP cotransmitters of the peripheral
chemoreflex in the rat nucleus tractus solitarius?. Exp. Physiol.
94, 38–45.
Accorsi-Mendonca, D., Castania, J.A., Bonagamba, L.G., Machado,
B.H., Leao, R.M., 2011. Synaptic profile of nucleus tractus
solitarius neurons involved with the peripheral chemoreflex
pathways. Neuroscience 197, 107–120.
Andresen, M.C., Kunze, D.L., 1994. Nucleus tractus solitarius–
gateway to neural circulatory control. Annu. Rev. Physiol. 56,
93–116.
Antunes, V.R., Braga, V.A., Machado, B.H., 2005. Autonomic and
respiratory responses to microinjection of ATP into the
intermediate or caudal nucleus tractus solitarius in the
working heart–brainstem preparation of the rat. Clin. Exp.
Pharmacol. Physiol. 32, 467–472.
Braccialli, A.L., Bonagamba, L.G., Machado, B.H., 2008. Glutamatergic
and purinergic mechanisms on respiratory modulation in the
caudal NTS of awake rats. Respir. Physiol. Neurobiol. 161,
246–252.
Braga, V.A., Soriano, R.N., Braccialli, A.L., de Paula, P.M., Bonagamba,
L.G., Paton, J.F., Machado, B.H., 2007. Involvement of L-glutamate
and ATP in the neurotransmission of the sympathoexcitatory
component of the chemoreflex in the commissural nucleus
tractus solitarii of awake rats and in the working
heart–brainstem preparation. J. Physiol. 581, 1129–1145.
b r a i n r e s e a r c h 1 4 9 6 ( 2 0 1 3 ) 3 6 – 4 8 47Braga, V.A., Zoccal, D.B., Accorsi-Mendonca, D., 2008. Are ATP and
glutamate released from slowly adapting pulmonary stretch
receptor afferents in the NTS?. J. Physiol. 586, 4791–4792.
Chounlamountry, K., Kessler, J.P., 2011. The ultrastructure of
perisynaptic glia in the nucleus tractus solitarii of the adult
rat: comparison between single synapses and multisynaptic
arrangements. Glia 59, 655–663.
Costa-Silva, J.H., Zoccal, D.B., Machado, B.H., 2012. Chronic
intermittent hypoxia alters glutamatergic control of
sympathetic and respiratory activities in the commissural
NTS of rats. Am. J. Physiol. Regul. Integr Comp. Physiol. 302,
R785–R793.
Costa Silva, J.H., Zoccal, D.B., Machado, B.H., 2010. Glutamatergic
antagonism in the NTS decreases post-inspiratory drive and
changes phrenic and sympathetic coupling during
chemoreflex activation. J. Neurophysiol. 103 (4), 2095–2106.
de Paula, P.M., Tolstykh, G., Mifflin, S., 2007. Chronic intermittent
hypoxia alters NMDA and AMPA-evoked currents in NTS
neurons receiving carotid body chemoreceptor inputs. Am. J.
Physiol. Regul. Integr. Comp. Physiol. 292, R2259–R2265.
Erlichman, J.S., Li, A., Nattie, E.E., 1998. Ventilatory effects of glial
dysfunction in a rat brain stem chemoreceptor region. J. Appl.
Physiol. 85, 1599–1604.
Erlichman, J.S., Putnam, R.W., Leiter, J.C., 2008. Glial modulation
of CO2 chemosensory excitability in the retrotrapezoid
nucleus of rodents. Adv. Exp. Med. Biol. 605, 317–321.
Fellin, T., Pascual, O., Haydon, P.G., 2006. Astrocytes coordinate
synaptic networks: balanced excitation and inhibition.
Physiology 21, 208–215.
Fonnum, F., Johnsen, A., Hassel, B., 1997. Use of fluorocitrate and
fluoroacetate in the study of brain metabolism. Glia 21 (1),
106–113.
Gordon, G.R., Iremonger, K.J., Kantevari, S., Ellis-Davies, G.C.,
MacVicar, B.A., Bains, J.S., 2009. Astrocyte-mediated
distributed plasticity at hypothalamic glutamate synapses.
Neuron 64, 391–403.
Gourine, A.V., Kasymov, V., Marina, N., Tang, F., Figueiredo, M.F.,
Lane, S., Teschemacher, A.G., Spyer, K.M., Deisseroth, K.,
Kasparov, S., 2010. Astrocytes control breathing through pH-
dependent release of ATP. Science 329, 571–575.
Gradinaru, V., Mogri, M., Thompson, K.R., Henderson, J.M.,
Deisseroth, K., 2009. Optical deconstruction of parkinsonian
neural circuitry. Science 324, 354–359.
Halassa, M.M., Fellin, T., Haydon, P.G., 2009. Tripartite synapses:
roles for astrocytic purines in the control of synaptic
physiology and behavior. Neuropharmacology 57, 343–346.
Hamilton, N.B., Attwell, D., 2010. Do astrocytes really exocytose
neurotransmitters?. Nat. Rev. Neurosci. 11, 227–238.
Hayashi, F., Coles, S.K., McCrimmon, D.R., 1996. Respiratory
neurons mediating the Breuer-Hering reflex prolongation of
expiration in rat. J. Neurosci. 16, 6526–6536.
Haydon, P.G., Carmignoto, G., 2006. Astrocyte control of synaptic
transmission and neurovascular coupling. Physiol. Rev. 86,
1009–1031.
Hermann, G.E., Rogers, R.C., 2009. TNF activates astrocytes and
catecholaminergic neurons in the solitary nucleus:
implications for autonomic control. Brain Res. 1273, 72–82.
Hermann, G.E., Van Meter, M.J., Rood, J.C., Rogers, R.C., 2009.
Proteinase-activated receptors in the nucleus of the solitary
tract: evidence for glial–neural interactions in autonomic
control of the stomach. J. Neurosci. 29, 9292–9300.
Hulsmann, S., Oku, Y., Zhang, W., Richter, D.W., 2000. Metabolic
coupling between glia and neurons is necessary for
maintaining respiratory activity in transverse medullary slices
of neonatal mouse. Eur. J. Neurosci. 12, 856–862.
Hulsmann, S., Straub, H., Richter, D.W., Speckmann, E.J., 2003.
Blockade of astrocyte metabolism causes delayed excitationas revealed by voltage-sensitive dyes in mouse brainstem
slices. Exp. Brain Res. 150, 117–121.
Huxtable, A.G., Zwicker, J.D., Alvares, T.S., Ruangkittisakul, A.,
Fang, X., Hahn, L.B., Posse de Chaves, E., Baker, G.B., Ballanyi,
K., Funk, G.D., 2010. Glia contribute to the purinergic modulation
of inspiratory rhythm-generating networks. J. Neurosci. 30,
3947–3958.
Kline, D.D., Ramirez-Navarro, A., Kunze, D.L., 2007. Adaptive
depression in synaptic transmission in the nucleus of the
solitary tract after in vivo chronic intermittent hypoxia:
evidence for homeostatic plasticity. J. Neurosci. 27, 4663–4673.
Kline, D.D., 2010. Chronic intermittent hypoxia affects integration
of sensory input by neurons in the nucleus tractus solitarii.
Respir. Physiol. Neurobiol. 174, 29–36.
Kulik, T.B., Aronhime, S.N., Echeverry, G., Beylin, A., Winn, H.R.,
2010. The relationship between oxygen and adenosine in
astrocytic cultures. Glia 58, 1335–1344.
Lamy, C.M., 2012. Nucleus of tractus solitarius astrocytes as
homeostatic integrators. J. Neurosci. 32, 2579–2581.
Machado, B.H., Moraes, D.J.A., Costa, K.M., 2010. Highlights in
basic autonomic neurosciences: glia and neuromodulation.
Auton. Neurosci. Basic Clin. 156, 1–4.
Martin, E.D., Fernandez, M., Perea, G., Pascual, O., Haydon, P.G.,
Araque, A., Cena, V., 2007. Adenosine released by astrocytes
contributes to hypoxia-induced modulation of synaptic
transmission. Glia 55, 36–45.
McDougal, D.H., Hermann, G.E., Rogers, R.C., 2011. Vagal afferent
stimulation activates astrocytes in the nucleus of the solitary
tract via AMPA receptors: evidence of an atypical neural–glial
interaction in the brainstem. J. Neurosci. 31, 14037–14045.
Mirsattari, S.M., Shen, B., Leung, L.S., Rajakumar, N., 2008. A gliotoxin
model of occipital seizures in rats. Seizure 17, 483–489.
Moraes, D.J., Bonagamba, L.G., Zoccal, D.B., Machado, B.H., 2011.
Modulation of respiratory responses to chemoreflex activation
by L-glutamate and ATP in the rostral ventrolateral medulla of
awake rats. Am. J. Physiol. Regul. Integr. Comp. Physiol. 300,
R1476–R1486.
Moraes, D.J., Zoccal, D.B., Machado, B.H., 2012. Sympatho-
excitation during chemoreflex active expiration is mediated
by L-glutamate in the RVLM/Botzinger complex of rats. J.
Neurophysiol. 108 (2), 610–623.
Nicholson, C., 1985. Diffusion from an injected volume of a
substance in brain tissue with arbitrary volume fraction and
tortuosity. Brain Res. 333, 325–329.
Oliet, S.H., Panatier, A., Piet, R., 2006. Functional neuronal–glial
anatomical remodelling in the hypothalamus. Novart. Found.
Symp. 276, 275–281 238-48; discussion 248-52.
Panatier, A., Oliet, S.H., 2006. Neuron–glia interactions in the
hypothalamus. Neuron Glia Biol. 2, 51–58.
Panatier, A., Vallee, J., Haber, M., Murai, K.K., Lacaille, J.C.,
Robitaille, R., 2011. Astrocytes are endogenous regulators of
basal transmission at central synapses. Cell 146, 785–798.
Pascual, O., Casper, K.B., Kubera, C., Zhang, J., Revilla-Sanchez, R.,
Sul, J.Y., Takano, H., Moss, S.J., McCarthy, K., Haydon, P.G.,
2005. Astrocytic purinergic signaling coordinates synaptic
networks. Science 310, 113–116.
Paton, J.F., 1996. A working heart–brainstem preparation of the
mouse. J. Neurosci. Methods 65, 63–68.
Paulsen, R.E., Contestabile, A., Villani, L., Fonnum, F., 1987. An
in vivo model for studying function of brain tissue temporarily
devoid of glial cell metabolism: the use of fluorocitrate. J. Neuro-
chem. 48, 1377–1385.
Paxinos, G., Watson, C., 2007. In: The Rat Brain in Stereotaxic
Coordinates. Academic Press, San Diego, CA.
Subramanian, H.H., Chow, C.M., Balnave, R.J., 2007. Identification of
different types of respiratory neurones in the dorsal brainstem
nucleus tractus solitarius of the rat. Brain Res. 1141, 119–132.
b r a i n r e s e a r c h 1 4 9 6 ( 2 0 1 3 ) 3 6 – 4 848Tashiro, Y., Kawai, Y., 2007. Glial coverage of the small cell somata
in the rat nucleus of tractus solitarius during postnatal
development. Glia 55, 1619–1629.
Willoughby, J.O., Mackenzie, L., Broberg, M., Thoren, A.E., Medvedev,
A., Sims, N.R., Nilsson, M., 2003. Fluorocitrate-mediated
astroglial dysfunction causes seizures. J. Neurosci. Res. 74,
160–166.
Zoccal, D.B., Simms, A.E., Bonagamba, L.G., Braga, V.A., Pickering,
A.E., Paton, J.F., Machado, B.H., 2008. Increased sympathetic
outflow in juvenile rats submitted to chronic intermittent
hypoxia correlates with enhanced expiratory activity. J.
Physiol. 586, 3253–3265.
Zoccal, D.B., Bonagamba, L.G.H., Paton, J.F.R., Machado, B.H.,
2009a. Sympathetic-mediated hypertension of awake
juvenile rats submitted to chronic intermittent hypoxia is not
linked to baroreflex dysfunction. Exp. Physiol. 94, 972–983.Zoccal, D.B., Paton, J.F., Machado, B.H., 2009b. Do changes in the
coupling between respiratory and sympathetic activities
contribute to neurogenic hypertension?. Clin. Exp. Pharmacol.
Physiol. 36, 1188–1196.
Zoccal, D.B., Machado, B.H., 2010. Sympathetic overactivity
coupled with active expiration in rats submitted to chronic
intermittent hypoxia. Respir. Physiol. Neurobiol. 174, 98–101.
Zoccal, D.B., Huidobro-Toro, J.P., Machado, B.H., 2011. Chronic
intermittent hypoxia augments sympatho-excitatory
response to ATP but not to L-glutamate in the RVLM of rats.
Auton. Neurosci. 165 (2), 156–162.
Zoccal, D.B., Machado, B.H., 2011. Coupling between respiratory
and sympathetic activities as a novel mechanism
underpinning neurogenic hypertension. Curr. Hypertens. Rep.
13, 229–236.
